We describe and demonstrate a novel experimental approach to measure broadband, amplitude-and phase-resolved scattering spectra of single nanoparticles with 10-nm spatial resolution. Nanofocusing of surface plasmon polaritons (SPPs) propagating along the shaft of a conical gold taper is used to create a spatially isolated, spectrally broad nanoscale light source at its very apex. The interference between these incident SPPs and SPPs that are backpropagating from the apex leads to the formation of an inherently phase-stable interferogram, which we detect in the far field by partially scattering SPPs off a small protrusion on the taper shaft. We show that these interferograms allow the reconstruction of both the amplitude and phase of the local optical near fields around individual nanoparticles optically coupled to the taper apex. We extract local light scattering spectra of particles and quantify line broadenings and spectral shifts induced by tip-sample coupling. Our experimental findings are supported by corresponding finite-difference time-domain and coupled dipole simulations and show that, in the limit of weak tip-sample coupling, the measurements directly probe the projected local density of optical states of the plasmonic system. The combination of a highly stable inline interferometer with the inherent optical background suppression through nanofocusing makes it a promising tool for the locally resolved study of the spectral and temporal optical response of coupled hybrid nanosystems.
Introduction
The electronic local density of states, which represents the number of electronic states in a certain volume and energy interval, is one of the most fundamental quantities in nanoscience. Its exploration by scanning tunneling microscopy (STM) has led to intriguing studies of quantum corrals [1, 2] and many-body phenomena such as quantum mirages [3, 4] . In plasmonic and photonic nanostructures, the corresponding quantity is the electromagnetic local density of states (LDOS), i.e. the electromagnetic fieldcreated by the structure after excitation by a point-like isotropic source -at the position of the source [5, 6] . It is of immediate relevance for controlling the spontaneous emission of quantum emitters by their nanostructured environment [7] . The related projected LDOS measures the polarization component of the field at the source position, which is induced by a linearly polarized point source and pointing along this direction. Because of its importance for designing optical properties at the nanoscale, experimental LDOS studies have received substantial attention [8] [9] [10] [11] [12] [13] [14] [15] .
Conceptually, a straightforward approach towards LDOS mapping is scanning near-field optical microscopy (SNOM), in which a pointed tip senses the local electromagnetic field near the surface of a sample. A quantitative interpretation of near-field images and a direct relation of these images to LDOS maps, however, turn out to be quite challenging, in particular in the visible and near-infrared region of the electromagnetic spectrum [16] [17] [18] . This is not only due to the complex vectorial properties of the optical near fields of photonic and plasmonic nanostructures [19] [20] [21] [22] but more fundamentally due to the challenge in creating a point-like and spatially isolated light source with a spectrum that is sufficiently broad to excite the relevant optical resonances of the sample. A second important aspect is the inherent near-field coupling between the tip and the sample [23, 24] . In general, this makes the SNOM tip a perturbative probe of the local optical near field [17, 18, 25, 26] unless multiple reflections between the tip and the sample can be safely neglected [26] for sufficiently large tip-sample distances.
As a consequence, electron-based spectroscopy techniques, in particular electron energy loss spectroscopy (EELS) and cathodoluminescence (CL) spectroscopy, are becoming increasingly important for LDOS imaging [27] [28] [29] ever since Nelayah et al. demonstrated that EELS can probe the modes of plasmonic nanoparticles with exquisite spatial resolution [30] . Theoretically, the image contrast in EELS probing the work done on a swift electron by the electric field that is emitted from a nanostructure after it has been impulsively excited by the field of the electron is well understood [31, 32] . It has been shown that the probability that a swift electron loses a quantum of energy to the material excitation is equivalent to the projection of the LDOS of the nanostructure along the trajectory of the electron [31, 33, 34] . Complementary to EELS, CL [34, 35] probes the electron-induced far-field radiation and provides the projection of the radiative LDOS on the electron trajectory.
Even though EELS is such an established and powerful technique for probing the projected LDOS of plasmonic nanostructures, it has, in its present implementation, certain evident limitations. Apart from its specific momentum selection rules [36] , the energy resolution is restricted to the 10-meV range, despite significant progress in monochromator design [37, 38] . Also, dynamic studies of the LDOS with a time resolution below the 10-fs lifetime of the relevant surface plasmon (SP) excitation are currently out of reach. In principle, both these limitations may be overcome by SNOM techniques [39] , which makes it interesting to reconsider the use of SNOM for LDOS imaging. Progress in this direction has recently been achieved by using plasmonic nanofocusing [40] [41] [42] to create a spatially isolated, spectrally broadband, and background-free nanometer-sized light spot [43] [44] [45] [46] [47] [48] with well-controlled polarization properties [49] at the very apex of a sharp conical gold taper. Radially polarized surface plasmon polariton (SPP) waves that are coupled to the shaft of such a taper are nano focused to its apex. The integration of such a plasmonic nanofocusing probe into an atomic force microscope (AFM) [42] [43] [44] 50] or an STM [51, 52] can selectively bring this optical excitation to a specific point near the sample surface, making it an effective tool for spatially resolved studies of light-matter interaction at the nanoscale. Most recently [26] , such a light source has been used to record local light scattering spectra from single gold nanorods with 5-nm spatial resolution. These plasmonic nano focusing spectra (PNS) provided quantitative insight into near-field couplings between the tip and the nanorod and highlighted in particular the role of the anisotropic tip polarizability in the tip-sample interaction. The recorded light scattering spectra, however, showed rather complex Fano-like spectral line shapes [26] , resulting from the interference between fields emitted by the nanorod sample and the tip. This complicated an immediate interpretation of the local scattering spectra. For a more direct measurement of the LDOS of the investigated nanostructure, it seems desirable to solely detect the optical near field at the tip position and to avoid interference between the fields scattered from multiple sources.
Here, we describe and implement a new experimental technique, called plasmonic nanofocusing spectral interferometry (PNSI), to locally excite and detect near-field scattering spectra of single nanostructures. SPP waves are nanofocused to the apex of a sharp conical gold taper and used to locally excite single gold nanorods. The optical near fields that are emitted by the nanorods couple back to the apex and launch backpropagating SPP waves at the taper. Interference with incident SPP waves results in an inherently phase-stable spectral interferogram (SI), which allows sensitive measurement of both the amplitude and phase of the electric field around a single nanorod with <10 nm spatial resolution over a broad spectral range. We show that the use of the radially symmetric guided mode of the taper [49] for both excitation and collection of optical near fields allows, in the limit of sufficiently weak tip-sample coupling, the quantitative mapping of the projected LDOS of the nanostructured sample.
Results
Experimentally, we generate a spatially isolated dipole scatterer at the apex of a gold nanotaper by nanofocusing SPPs propagating along its shaft. As shown in Figure 1A , broadband laser radiation (650-900 nm, ~300 μW incident power) is focused onto a grating coupler that is placed 50 μm above the apex, launching a coherent superposition of radially polarized SPP modes with different angular momenta m [29, 53] . All higher order modes (|m| > 0) are coupled to far-field radiation at a distance of at least hundreds of nanometers from the apex [54] . Only the lowest order, rotationally symmetric taper mode with angular momentum m = 0 is nanofocused at the apex with a radius of 9 nm [40, 54] . There it creates a localized electromagnetic field which is reasonably similar to that generated by an isolated point dipole moment, p t , located in the apex center r t and oriented along the taper axis z [49] . The spectral distribution of this light spot is basically given by the gratingcoupled fraction of the incident laser. We use this bright, spectrally broad, and spatially isolated nano light source to locally excite and probe the near fields of the localized surface plasmon (LSP) modes of 40 nm × 10 nm × 10 nm sized gold nanorods that are placed at the surface of a thin glass sheet. Importantly, the nanofocusing not only leads to the generation of near and far fields in the vicinity of the tip apex. The field created by the z-component p t,z of the tip dipole moment couples to the m = 0 mode and launches an SPP field that is backpropagating along the taper shaft. All other polarization components of p t create nonpropagating fields since the re-emitted field profile does not match that of the nanofocused m = 0 mode. As long as the tip is far away from the sample surface, the backpropagating field is mainly given by the partial reflections of the nanofocused SPP field E 0 (ω, r t ). When the tip approaches the sample, the nanofocused light spot induces an optical polarization in the sample, and the fields E r that are re-emitted by the sample can couple back to the tip apex. As such, they will modify the tip dipole moment p t and thus the backpropagating SPP field. Because of the radial polarization of the m = 0 mode, this secondary backpropagating field is directly proportional to the z-component of the total electric field at the apex: E a (ω, r t ) = E 0 (ω, r t ) + E r (ω, r t ). It thus allows selective readout of E a,z = E 0,z + E r,z at the tip apex location, thus avoiding any mixing with the fields generated at other locations upon exciting the sample. Experimentally, we locally probe the forward-and backward-propagating SPP fields by collecting the far-field scattering from small, isolated scatterers on the shaft with ~100 nm diameter. These scatterers are small (gold) precipitates that are naturally formed at very low density during the etching process (right inset in Figure 1A ). From three such point-like (A) Broadband laser radiation is grating-coupled to SPPs on the shaft of a conical gold taper. The SPPs are nanofocused to a 10-nm-sized light source at its apex (left inset), locally exciting individual gold nanorods. The field emitted by the nanorod couples back to the apex, launching a secondary, backpropagating SPP field (green arrow). Protrusions of ~100 nm size on the shaft (right inset) scatter both the incident SPP field E 1 and the time-delayed backpropagating field E 2 into the far field, generating a spectral interferogram (SI) on the detector. (B) Side view of the gold taper showing light scattering from the apex and three additional scatterers (S1-S3). (C) SIs recorded by selectively collecting the light scattered from S1, S2, and S3, together with the apex spectrum (dashed line). The spectra from the scatterers show a pronounced spectral modulation with a fringe spacing that decreases with the apex-scatterer distance, i.e. with increasing time delay τ 0 between E 1 and E 2 . (D) Amplitude (black open symbols) and phase spectrum (red open symbols) of a gold nanorod reconstructed from the SI. The longitudinal surface plasmon resonance at 1.56 eV is shown, together with fits to a Lorentzian line shape function (solid lines). scatterers (S1-S3) located at distances between 3 and 14 μm from the taper apex ( Figure 1B) , we collect scattering spectra through a microscope objective, providing a spatial resolution of ~2 μm. This is sufficient to isolate an individual scatterer at the tip shaft. The collected spectra display pronounced spectral modulations ( Figure 1C ). The fringe spacing and fringe contrast both gradually decrease with increasing distance. These SIs [55] [56] [57] [58] reflect the interference between the grating-coupled SPP field that is incident on the protrusion and scattered towards the detector (E 1 ) and the backpropagating SPP field that is coupled into the far field (E 2 ). The SI, S(ω) = | E 1 (ω) + E 2 (ω) | 2 , thus probes the interference between the incident field E s1 and the backpropagating SPP field E s2 at the position of the scatterer. The fringe spacing Δω = 2π/τ 0 is a measure of the time delay, τ 0 = 2L/c SPP , acquired by the SPP wave upon propagation from the scatterer to the tip apex and back. Comparing the tip-scatterer distances L of 3.1, 7.7, and 13.7 μm deduced from optical microscopy images with the respective fringe spacings in Figure 1C , we infer an average SPP group velocity of c SPP = (0.94 ± 0.06)c 0 (c 0 : speed of light in vacuum). The fringe contrast in the SI from S1 suggests that the backreflected SPP amplitude is at most 30% smaller than the incident amplitude. The decrease in amplitude with distance points to a spectrally averaged SPP propagation length of at least 14 μm on the taper shaft. If the tip is positioned far away from the surface or on a sample region without nanoparticles, the backreflected spectrum is very similar to the incident laser spectrum. In contrast, when positioning the tip near the apices of one of the gold nanorods, also the field E r,z emitted by exciting the longitudinal LSP resonance of the nanorod, centered around 1.55 eV with a line width of 50-100 meV, contributes to the backpropagating SPP field and, thus, to the SI. Both the amplitude (black open circles in Figure 1D ) and spectral phase (red open circles) of the LSP spectrum can be extracted from a Fourier analysis of the SI. The retrieved spectrum shows an absorptive line shape, with amplitude and spectral phase well described by a Lorentzian line shape model with a resonance energy of 1.551 eV and a full width at half-maximum 2ℏγ = 0.14 eV (solid lines).
We use a two-step strategy, illustrated in Figure 2 , to retrieve the field E r,z from these interferograms. To validate our approach, the same evaluation method has been applied to a simulated SI (see Figure S1 ) and is shown to retrieve the nanorod spectrum with high fidelity. We first measure a reference interferogram from scatterer S3 by placing the tip on the bare glass substrate (red dashed line in Figure 2A ) and then compare this to the SI from the same scatterer when the tip is close to the apex of a gold nanorod (black line, recorded at position D in Figure 3A ). Both spectra show pronounced interferences, with the same modulation frequency throughout the range of the laser spectrum. In the difference between these two spectra ( Figure 2B ), the interference fringes are restricted to a narrower region around the LSP resonance. This difference spectrum reflects the modification of the backpropagating field E s2 due to the fields that are emitted by the nanorod. To reconstruct these fields, we perform a Fourier transformation of the SI into the time domain ( Figure 2C ). Expressing the backpropagating field as . The introduction of a scalar reflection coefficient σ(ω) is justified since both the incident field and the reflected field carry the same radial polarization at the position of the scatterer (see Section 5 for more details).
Each SI thus shows three peaks [56, 57] : a DC component s 0 (t), visible at t = 0, and two time-delayed AC components at the time delays ±τ 0 ≈ ± 100 fs. The DC component contains the Fourier transform (FT) of the sum of the intensities of the incident and reflected fields, S 0 (ω) = I 0 (ω) (1 + | σ(ω) | 2 ), with I 0 (ω) = | E s1 (ω) | 2 essentially being the laser spectrum modulated by the transmission properties of the grating coupler and the nanotaper [41, 59] . As such, its temporal width is given by the bandwidth-limited pulse duration of the incident and reflected spectra of approximately 7 fs. We isolate s 0 (t) from the two side peaks along the vertical line in Figure 2C . This temporal separation of DC and AC peaks critically relies on a sufficiently large time delay τ 0 and, thus, on a finite distance between the scatterer and the apex. The back-transform of s 0 into the spectral domain provides the spectrum of the SPP field at the position of the scatterer ( Figure 2D ). The DC spectra measured on the nanoparticle position and glass substrate are almost identical, because the intensity of E r is too low to significantly affect this spectrum. The quantities of interest are the side peaks s +/− (t ∓ τ 0 ). They carry identical information about the cross-correlation between the incident and reflected fields. The back-transform of s + (t − τ 0 ) gives S + (ω) = I 0 (ω)σ(ω). I 0 and σ can be retrieved from S 0 and S + by solving Eq. (3) in Section 5.
In the reference measurement taken on the glass substrate, σ R (ω) accounts for the effect of the SPP propagation from the scatterer to the apex and back and for the direct reflection of the SPP waves at the apex. These processes are only weakly wavelength-dependent, and the spectral chirp acquired upon propagation does not significantly affect the time structure of a plasmonic wavepacket [59] . Therefore, the temporal width of s + is again given by the bandwidth-limited pulse duration of the incident spectrum, and the spectrum |S + (ω)| (red dashed line in Figure 2E ) is reasonably similar to the incident spectrum. In the vicinity of the nanorod, the re-emitted field E r enhances the z-component of the field at the apex and thus the reflection coefficient σ(ω) = β(ω)σ R (ω) by a frequency-dependent enhancement factor β(ω), which arises from the near-field coupling between the tip and the nanorod (see Section 5) . Consequently, the AC crossterms in Figure 2C show marked differences, since σ(ω) is amplified through heterodyning with I 0 (ω). In comparison to the reference measurement, s + (t − τ 0 ) thus contains an additional faint contribution with a time structure given by the convolution between the incident field at the apex and the free induction decay (FID) of the nanorod (inset in Figure 2C ). For the LSP resonance of our nanorods, this FID decays exponentially with the dephasing time T 2 = 1/γ of about 10-16 fs and thus persists beyond the bandwidthlimited time resolution of our experiment. The backpropagating SPP field induced by the FID is phase-shifted by π with respect to the incident field. Thus, s + (ω) shows a distinct reduction in amplitude around the LSP resonance due to the absorption of light by the nanorod ( Figure 2D ). On resonance, the amplitude of the backreflected field is reduced by 20%. This implies that about 35% of the nanofocused light at the apex is absorbed by the particle, since for such small rods radiative damping is weak and the scattering cross-section is at least an order of magnitude smaller than the absorption cross-sections [60, 61] . This clearly evidences the efficient localization of the incident light at the apex and the virtually background-free nature of our experiment.
In the final step of our analysis, we extract the
by taking the ratio of the complex-valued reflection coefficients. Both the amplitude |β(ω) | (black open circles in Figure 2F ) and spectral phase ϕ β (ω) = ϕ σ (ω) − ϕ σR (ω) (red open circles) show excellent agreement with an absorptive Lorentzian line shape (solid lines). Using the Lorentzian L(ω, ω 0 , γ) defined in Section 5, we fit β(ω) to 1 + iAL(ω) and extract the amplitude A and the resonance parameters ω 0 and γ. The resonance energy of ω 0 = 1.55 eV matches well with the LSP resonance of the 40-nm-long nanorods, while the line width of γ = 70 meV is slightly larger than the ensembleaveraged width of 42 meV seen in far-field measurements [60] . This implies that we can quantitatively extract the absorption spectrum of the longitudinal LSP resonance of a single nanorod using the described PNSI technique. We term β(ω) the PNSI spectrum. For the tip-nanorod system investigated here, we consistently find purely absorptive line shapes for all tip-sample configurations and coupling strengths. The reason for observing absorptive line shapes is readily understood. The incident field E 0 (ω, r t ) couples only to the longitudinal component of the tip polarizability ( ).
t zz
α ω Earlier work [26, 29] has shown that ( ) t zz α ω is well described by a very broad Lorentzian resonance centered in the near-infrared (see Section 5) . At the LSP resonance of the nanorod, this polarizability, and therefore also the optical near field created in the vicinity of the tip, are phase-shifted by π/2 with respect to the incident field E 0 . This near field couples solely to the longitudinal polarizability ( ) r xx α ω of the nanorod. At the LSP resonance, this polarizability is phase-shifted by an additional π/2 so that the electric field that is emitted by the nanostructure, E r , is phase-shifted by π with respect to E 0 . Both fields, E r and E 0 , induce a longitudinal tip dipole oscillation, phase-shifted by another π/2, that acts as a source of the backpropagating SPP fields. Therefore, the initial and secondary contributions to the backpropagating SPP field have a phase difference of π close to the LSP resonance (see Section 5 for more detail). Also, multiple near-field scattering between the tip and the sample maintains the on-resonance phase shift of π and thus the absorptive line shape of the spectrum.
It is important that these PNSI spectra could also be affected by multiple scatterings between different protrusions on the taper shaft. Such multiple scatterings would give rise to new fringe patterns in the PNSI spectra with a modulation frequency given by the scatterer distance. For our tapers, we did not observe such fringe patterns. We therefore conclude that light scattering by these protrusions is so weak that multiple scatterings between the scatterers or between the scatterers and the apex can safely be neglected.
Building upon this quantitative data analysis, we now record two-dimensional maps of PNSI spectra of an ensemble of gold nanoparticles deposited on a glass slide. To this end, we raster-scan the tip apex across the sample surface at a constant tip-sample distance of 2 nm and simultaneously record an SI at each 5 nm × 5 nm pixel of the 2D scan within an integration time of 20 ms. These data allow us to spatially map the local light scattering while systematically varying the tip-sample configuration and thus the near-field coupling between the tip and the sample. The sample consists of both rod-like particles (40 nm length, 10 nm diameter) and more spherical nanoparticles, as seen in the topography image, simultaneously recorded by tapping-mode force microscopy, and depicted in Figure 3A . Again, we use a spatially averaged SI recorded with the tip apex placed on the glass substrate for reference to reconstruct spectra β(ω, x, y) at each pixel of the map. These spectra are fitted to Lorentzian line shapes, as discussed for Figure 2 . The extracted fitting parameters are then displayed as maps of the local amplitude A(x, y) (panel B), resonance energy ℏω 0 (x, y) (panel D), and resonance line width ℏγ(x, y) (panel E). We plot these parameters only for those spectra showing a clear absorption resonance. For representative points A-H at the apices of the rod-like nanoparticles, the amplitude and phase of the deduced PNSI spectra β(ω) are shown in Figure 3C . The spectral signature of the coupling to the rod-like nanoparticles is the excitation of the narrow-band longitudinal dipolar LSP resonance at around 1.55 eV with a line width of ~50-80 meV. In addition, the amplitude maps in general show pronounced enhancement in amplitude A when the tip apex is placed close to either of the nanorod apices since the dipolar rod mode interacts with the z-directed tip dipole mainly at the rod apices. The map reflects the intensity profile I z,LSP (r t ) = | E z,LSP (r t ) | 2 of the z-component of the fundamental longitudinal LSP mode of the nanorod probed by the tip (see Figure S2 , Section 5, and Ref. [26] ). When the tip apex is placed exactly over the nanorod center, no excitation of the nanorod is seen since here the z-component of the LSP eigenmode has a node, meaning that at this point the nanorod cannot be optically excited by a vertically oriented point-like source. All these signatures are indeed observed at several positions on the sample, in particular at the positions A-E for which the PNSI spectra are displayed in Figure 3C . The spatial map in Figure 3D reveals very similar resonance energies at the two apices of the same rod (e.g. particles B and D/E) but exhibits a certain variation in the resonance energy of up to 50 meV when moving the tip across each apex of a single nanorod. Concomitantly, the map of the resonance line widths ℏγ(x, y) in Figure 3E shows that close to the nanorod apices a substantial broadening of the observed Lorentzian spectra takes place. We observe line widths of up to 80 meV, i.e. a factor of two broader than determined for the bare nanorod sample investigated by far-field spectroscopy (see Section 5) [26, 60] . Both the spectral red shift and the line broadening imply that for the tip close to a nanorod apex, we are observing multiple scatterings of near-field photons between the tip and the sample. The maps in Figure 3 reveal additional interesting features. Nanoparticles with more spherical shape, such as the two particles marked by white circles in Figure 3A , hardly show up in the PNSI amplitude maps since their LSP resonance is blue-shifted, out of the spectral range of our measurements. A cluster of several nanorods (F-H) shows a response that is distinctly red-shifted with respect to the nanorod LSP. Here, the near-field coupling between several nanorods apparently results in a delocalization of the LSP mode [62] and, thus, a red shift of the SP response, while the line width is only weakly affected by the interrod coupling.
To study the tip-sample near-field coupling in more detail, we focus on the PNSI spectra of a single nanorod (marked with points D and E in Figure 3A ). High-resolution maps of the topography together with fitted Lorentzian resonance parameters, recorded with a pixel size of 5 nm × 5 nm, are displayed in Figure 4A -D. The cross-sections in Figure 4E , extracted along the lines ab and cd in Figure 4A , show that all PNSI spectra (open circles) agree well with a Lorentzian line shape model (red lines), allowing us to faithfully extract the resonance parameters, providing detailed information about the tipsample coupling. The results in Figure 4B again show a pronounced enhancement of the scattering amplitude A at the two apices of the nanorod, reflecting strong tipsample coupling. The maps of the line width correlate well with the shape of the amplitude maps ( Figure 4D ) and reveal an increase in line width by up to 30 meV in the regions of large absorption. In contrast, it appears that the spectral red shift of the LSP resonance is more confined to the rim of the particle, leading to a fundamentally different crescent-moon shape [26] .
These findings are readily understood. The normalized amplitude map essentially follows the intensity profile I z,LSP (r t ) of the z-component of the electric field emitted by the fundamental longitudinal LSP mode of the nanorod ( Figure S2 ). The tip acts as a point-like excitation source, inducing a rod polarizability that is proportional to the amplitude of the z-component of the electric field of the LSP eigenmode E z,LSP (r t ) at the position of the tip. It then senses the z-component of the field generated by this polarizability, again following the mode profile, resulting in a secondary tip polarizability that scales with I z,LSP (r t ). This coupling of the nanorod dipole to the longitudinal tip polarization can be considered as an additional loss channel for the nanorod LSP mode since it induces a backpropagating SPP field on the taper and, with smaller probability, an enhanced radiative damping of the LSP mode. This Purcell effect [63, 64] causes the increase in line width near the apices of the rod [26] . The damping rate is proportional to the mode intensity I z,LSP (r t ), and hence the increase in line width is expected to show the same spatial dependence as the amplitude map. Within the noise limit of our experiment, this correlation between the amplitude and line width maps is seen reasonably well in Figure 4B and D. The peculiar crescent-moon shape in the resonance energy has also been seen, with somewhat higher spatial resolution, in our recent study of vectorial near-field couplings [26] . The prominent red shift of up to 50 meV at the rims of the nanorods results from the coupling of the LSP resonance of a nanorod to the transversal tip polarizability / .
The resonance energy of this polarizability component is strongly blue-shifted with respect to the LSP resonance. Multiple near-field scattering between the LSP resonance of the rod and the bluedetuned transversal polarizability component of the tip thus results in a pronounced red shift of the LSP resonance [26] . This may be considered as an optical Stark shift of the LSP resonance due to the near-field coupling between the rod and the tip. This coupling -and the resulting red shift of the scattering resonance -is strongest when tip and nanorod are aligned side by side, i.e. with the tip placed right next to the rod. This is the intuitive cause for the observed crescent-moon shape of the resonance shift. These differences between the spatial variation of the line width broadening and the resonance shifts are fully accounted for by supplementary coupled dipole simulations ( Figure S2) . They highlight the different origins of the two effects in terms of two different vectorial near-field coupling components [26] . For a perfectly symmetric taper and nanorod, the single-mode waveguiding properties of the taper and thus the exclusive probing of the tip dipole z-component constitute a fully symmetric excitation/ detection scheme. Therefore, the resonance shifts and line broadenings should be identical on the two sides of the rod. This is different from earlier experiments probing the apex far-field emission directly [26] . In such experiments, the detector placement induces an undesired asymmetry, resulting in different scattering amplitudes and resonance parameters near the two apices, even for a perfect sample and tip geometry.
To confirm this discussion of our results and to verify our model for the analysis of PNSI spectra, we simulated the time dynamics of the electromagnetic (EM) field along a conical taper interacting with a nanorod. Fullwave numerical finite-difference time-domain (FDTD) simulations of the experiment have been performed using both self-written [65] and commercial (Lumerical) Maxwell solvers. The geometry of the simulation is illustrated in Figure 5A . A conical gold taper with an opening angle of 15° and 10 nm apex radius is placed at (E) Amplitude (black) and phase spectrum (red) obtained by normalizing the complex-valued FT spectra of E r,x when the tip is "near" the rod to that with the tip "far" from it. a few nanometers away from a gold nanorod of dimensions 60 nm × 10 nm × 10 nm (see inset) with a longitudinal LSP resonance at 1.55 eV. The computational domain is discretized with nonuniform meshing with step size ~1 nm in the near-field region including the nanorod and the tip apex and a coarser mesh of ~10 nm step size for the rest. The conical structure is terminated at ~2 μm distance from the apex to limit the computational cost. A short 7 fs pulse centered at 1.55 eV excites solely the symmetric m = 0 mode of the taper, avoiding the excitation of higher order |m| > 0 modes. This SPP pulse propagates along the shaft and is nanofocused to the apex with negligible mode mixing, as depicted in Figure 5B Figure 5A ) shows the incident pulse together with a reflected pulse, while that at point B near the particle resolves the FID of the nanorod. Evidently, the pulse duration of the incident pulse is shorter than the 10-fs dephasing time of the simulated LSP resonance. Comparing the reflected pulse at point A to the FID of the rod at point B, we observe that the former is composed of two beating components: one is directly reflected from the apex without interaction with the nanorod, and the other shows the nanorod dipole oscillations which are coupled back to the tip and propagate backwards. Even for these short 7-fs pulses, the group velocity dispersion of the m = 0 mode and the reflection near the apex have essentially no effect on the pulse duration. The second reflection component contains the desired information about the FID of the particle. It vanishes completely when we increase the tip-sample distance from 10 nm ("near" position) to 100 nm ("far" position), moving the rod out of the near field of the tip. The phase shift of π between the directly reflected SPP pulse and the pulse induced by the FID of the rod can be discerned from the time structure of the reflected pulse at point A. The SIs of the field component E x at point A are shown in Figure 5C for the sample positions close to and far away from the tip. They demonstrate the vanishing of the resonant nanorod absorption at 1.55 eV when moving the rod out of the tip's near field. A time-domain separation of the reflected field at A from the incident field makes it easier to observe the nanorod signature in the spectra shown in Figure 5D . As we calculate at the field level, this separation can directly be performed in the time domain without the need for the algorithm described for the analysis of the intensitylevel experimental data in Figure 2 . The FT of the reflected fields results in complex-valued spectra containing both the amplitude and phase of the electric field emitted by the nanorod. The longitudinal LSP resonance of the particle is clearly observed by a comparison of the reflection spectra with and without near-field coupling between the tip and the sample in Figure 5D . Similar to the method used for extracting the phase-resolved scattering spectra from the experimental data in Figure 2E , a normalization of the complex-valued spectrum recorded with the tip close to the nanorod to that at 100-nm distance leads to an absorptive PNSI spectrum with Lorentzian line shape in Figure 5E . Amplitude, resonance energy, and line width of the simulated PNSI spectrum agree reasonably well with those deduced in Figure 2 . We consider this convincing support for our experimental technique.
Discussion
The PNSI spectra presented in this work fulfill many of the requirements for a faithful imaging of the projected local optical density of states by near-field spectroscopic techniques. The projected LDOS [5, 66] t . p We use this source not only to excite the sample but also to collect the fields E r that are re-emitted by the sample. If multiple nearfield scattering between the tip and the sample is weak, (1) Since only the component of the re-emitted field that is polarized along the taper axis couples to its m = 0 mode, the backpropagating SPP field in our experiments senses, to first order, the z-component (1) ( 1) , 0 ,
) ) ) ( ( ( α ω is weak and hardly affects the outcome of the measurement. As such, our experimental technique meets the requirements imposed by Eq. (1) for an LDOS mapping, as long as multiple reflections between the tip and the sample can be neglected.
In the limit of sufficiently weak losses, the projected LDOS may be expressed in a mode representation as [5, 34] Here, e n (r t ) denotes the electric field profile of the nth appropriately normalized [67-69] eigenmode of the system. In our proof-of-principle experiments, we essentially probe only a single eigenmode in the covered spectral region, namely the longitudinal LSP resonance of the gold nanorod. A spectrally resolved LDOS measurement therefore provides the resonance energy and line width of this particular mode, while a spatial map gives the intensity profile of a specific field component of the eigenmode. Both requirements are met in our measurements. The map of the PNSI amplitude in Figure 4B indeed provides a spatially highly resolved map of the intensity of the z-component of the LSP field. Resonance energy and line width can be extracted with high fidelity from the PNSI spectra, as illustrated in Figure 2 and supported by the results of the FDTD simulations presented in Figure 5 . All these results support the conclusion that PNSI spectroscopy can indeed provide a quantitative measure of the LDOS, projected onto the direction given by the taper axis. Such a quantitative mapping is, of course, provided only in the limit where multiple near-field scattering between the tip and the sample is weak and does not affect the parameters deduced from the experiment. Evidently, this is not yet the case in the proof-of-principle experiments, since it is clear from the results presented in Figure 4 that the coupling between the tip and the sample induces both an increase in line width (Purcell effect) and a spectral red shift of the rod resonance (optical Stark effect). Clearly, the tip is invasive, and multiple near-field scattering needs to be considered in the data analysis. At first sight, this may be considered a substantial drawback of the presented technique, in particular when comparing it to less invasive techniques such as EELS in which such higher order effects may safely be neglected and first-order perturbation theory is sufficient to quantitatively describe the experimental results. An obvious approach to overcome such tip-sample couplings is to slightly increase the tip-sample distance until line width broadenings and resonance energy shifts vanish. For the sharp tips used in the present experiments, with optical near fields that are closely confined to their apex, it only takes distances of 5-10 nm to largely suppress multiple tip-sample scattering, even for strong near-field scatterers such as the nanorods studied in the present work [26] . This is readily verified by coupled dipole simulations shown in Figure S2 . When increasing the tip-sample distance to 5 nm, the amplitude of the PNSI reduces approximately by a factor of four, still giving sufficiently large scattering signals to retrieve the PNSI spectra. Since the coupling-induced line broadening and resonance energy shifts result from multiple scatterings between the tip and the sample, they decay even more quickly with increasing tip-sample distance. For 8-nm distance, the coupled dipole simulations predict weak line broadenings and red shifts of less than 10 meV. At such a distance, the LDOS can be quantitatively retrieved, essentially with negligible coupling-induced resonance changes and with a high spatial resolution of better than 10 nm. Since in the present work both the tip and the nanorod are strong near-field scatterers, even shorter distances are sufficient to suppress such tip-sample couplings in other experiments. The recording of spectra at variable distances can thus help ensure that multiple scattering effects are indeed sufficiently weak to not affect the optical response [26] . Alternatively, a modification of the apex region, for example by attaching a small dielectric scatterer, could allow control and suppression of multiple near-field scattering.
We are convinced, however, that the results presented in this work suggest that it is more appropriate to think in a different direction and to consider this sensitivity to multiple near-field scattering a particular strength of the presented method, rather than a weakness. The results of the FDTD simulations shown in Figure 5 are a promising step towards a quantitative understanding of these tipsample interactions and indicate that they represent a unique means to not just sense but also to manipulate and control optics at the nanoscale. Such an improved understanding of near-field couplings forms a solid foundation for using PNSI for quantitative LDOS mapping.
Summary and conclusions
In summary, we have presented a new experimental technique, namely PNSI, to sense the amplitude and phase of the electric field emitted by a single nanostructure over a wide spectral range. The key to this method is the use of the single-mode waveguiding characteristics of a conical gold taper with a sharply pointed tip. Plasmonic nanofocusing creates a bright and spatially isolated nano-light source at its apex with well-controlled polarization properties. The taper is used not only to locally excite the sample but also to scatter optical near fields into SPP waves that are backpropagating along the taper shaft. We read out these backward propagating SPP waves and their interference with incident SPP waves by scattering them off the taper. The recorded interferograms provide a local light scattering spectrum of the sample. By probing the longitudinal LSP resonance of a small gold nanorod, we showed, both experimentally and theoretically, that the recorded PNSI spectra quantitatively map the projected local optical density of states of the sample in the limit of sufficiently weak tipsample interactions. This is evidenced, in particular, by observing purely absorptive PNSI spectra, as opposed to more complex Fano-type line shapes seen in spectra that directly collect the light scattered from the taper apex. In addition, we showed that the amplitude of the PNSI maps the intensity profile of the field component of the nanorod mode that is polarized along the taper axis, a second important signature of projected LDOS imaging. The broad spectrum supported by the conical gold taper and the efficient conversion of optical near fields into SPPs at the sharp apex of the taper are the key to sensitive LDOS mapping with a spatial resolution of better than 10 nm.
The recorded PNSI spectra probe near-field couplings between the tip and the sample with high sensitivity and show how multiple scatterings between the nanorod and the anisotropic tip scatterer result in local line broadenings and resonance energy shifts of the probed nanorod resonance. For small tip-sample distances, the coupling of the rod's near field to taper SPPs enhances the damping of the nanorod resonance, and this results in line broadenings when placing the tip close to the nanorod ends. In contrast, optical Stark shifts of the nanorod resonance due to its coupling to the transverse polarizability component of the taper show up within a distinctly different spatial signature near the rims of the nanorod. While these multiple near-field couplings can easily be suppressed by increasing the tip-sample distance or by changing the apex composition, the ability to probe these couplings with high sensitivity is a promising new aspect of our results. We anticipate that this sensitivity may be particularly beneficial for reading out and controlling quantum emitters and their coupling to radiative environments [70, 71] , a fundamental challenge in nano-optics. PNSI thus represents a new and particularly sensitive approach towards this goal, not only because it can sense linear light scattering with high spatial resolution and in a broad spectral range but also because broadband and essentially chirpfree response of the employed conical tapers makes the technique particularly well suited for time-resolved studies and for bringing multidimensional optical spectroscopies to the nanoscale. Earlier measurements have already shown that plasmonic nanofocusing can result in few-cycle nanofocused light or electron sources when coupling few-cycle light pulses to the grating coupler [39, 59, 72, 73] . This makes ultrafast PNSI a highly promising new tool for probing the dynamics of optical excitations at the nanoscale.
Methods

Experiments
Sample preparation
Nanoparticle samples were prepared and characterized following the method described in Ref. [26] . Chemically synthesized, polymer-coated gold nanorods (NanoPartz Inc., Loveland, CO, USA, Part. No. A12-10-808) were deposited on BK7 glass substrates (pretreated with Piranha solution and hydroxylated through UV/O 3 exposure) by immersing the substrates in a dried ethanol suspension of particles (specified concentration of 2.9 × 10 9 ml −1 ) for 24 h. After retrieval, the samples were rinsed in deionized water and blow-dried under an argon stream. The nanorods were then optically characterized by FT spectroscopy [60] . Extinction spectra of 39 individual particles showed a longitudinal surface plasmon resonance energy of 1.6 ± 0.1 eV, an associated extinction cross-section of 3500 ± 900 nm 2 , and a line width ℏγ  0.04 eV.
Nanotaper preparation
Nanofocusing gold tapers were produced using the wet chemical etching method described in Refs. [26, 59] . Gold wires of 125 μm diameter (Advent Research Materials) were annealed at 800°C for 8 h and electrochemically etched in concentrated hydrochloric acid (37%) using a platinum ring as the counter electrode. The etched tapers were rinsed in ethanol and inspected under a scanning electron microscope (SEM, FEI, Helios Nanolab 600i). We found that some tapers exhibited individual colloidal precipitates of typically 100 nm diameter on the shaft (Figure 1A , right inset). These are most likely small gold precipitates that are formed naturally during etching. Their density is typically very low and we find at most a few of them in the relevant region of the taper. Hence, they serve as spatially isolated local scatterers, converting a small fraction of the SPP field on the tip shaft into far-field radiation, allowing for the observation of pronounced spectral interferograms as shown in Figure 1C .
Three-line grating couplers (1.26 μm period, 100 nm width, 200 nm depth) were produced by focused Ga + -ion beam lithography 50 μm above the taper apex of 10 nm radius. The grating lines were slightly inclined with respect to each other to increase the optical coupling bandwidth, resulting in a 200-nm change in grating period across the taper [74] .
Plasmonic nanofocusing spectral interferometry experiments
For launching SPPs, a broadband supercontinuum laser (Fianium WL-SC-400-4 650 nm -900 nm spectral bandwidth) was focused onto the grating coupler. We used a microscope objective with a numerical aperture of NA = 0.2, which was inclined by 13° out of the sample plane, thus avoiding any direct illumination of the sample or the tip apex. A half-wave plate was used to adjust the polarization state of the light impinging on the grating coupler to p-polarization for highest SPP coupling efficiency. The scattered optical signals were detected by a separate collection objective at an angle of ~20° out of the sample plane with a numerical aperture of NA = 0.35. Using an iris placed in an intermediate image plane, which was simultaneously monitored on an auxiliary camera (marked CCD in Figure 1A ), we could separately collect the scattered light from either the taper apex or any of the three individual scatterers along the shaft ( Figure 1B) . After spatial filtering, the scattered light was spectrally dispersed using a monochromator (Princeton Instruments, Acton SP2500) and spectra were recorded with a liquid-nitrogen-cooled charge-coupled device (CCD) camera (Roper Scientific, Spec-10:100BR). Tip-sample distance regulation was realized with a custom-built tuning-fork-based AFM similar to the setup described in Refs. [49, 54] . The nanofocusing SNOM taper was glued to one prong of a quartz tuning fork which was electrically driven in resonance to oscillate normal to the sample surface with a peak-to-peak amplitude of ~1 nm. By PID feedback control, one axis of a 3D piezo-actuator (PI, P-363.3CD) kept the tip-sample distance at ~2 nm. The other two axes of the 3D piezo-actuator were used to laterally raster-scan the sample surface.
Theoretical modeling
In the first part of this section, we formalize the process of signal formation in PNSI based on the simplest conceivable modeling approach, presenting the tip and the sample as coupled electromagnetic point dipoles with Lorentzian spectral responses. Using this model, we show that the measured SIs contain full information about the local scattering spectrum of the investigated gold nanorods and allow the reconstruction of the local density of plasmonic states around the nanorods projected along the nanofocusing tip axis. In the second part, we describe the experimental data analysis and show how both local scattering spectra and projected LDOS are extracted from the measured SIs. The model developed here is an extension of that described in Refs. [26, 49] . Based on this coupled dipole model, we have performed additional simulations of the maps in Figure 4 , which are in convincing agreement with the experiments (see Supporting Information).
Coupled dipole model for plasmonic nanofocusing spectral interferometry
We follow the approach introduced in Ref. [26] to account for near-field coupling between the tip and the sample. We approximate the nanotaper apex and the gold nanorod as dipolar point scatterers, which interact via both their optical near and far fields. We capture the optical response .
Its FT is proportional to the FID r(t) = θ(t)sin ω 0 t exp (−γt), i.e. the response of the tip to an impulsive optical excitation [θ(t): Heaviside function]. Polarization-resolved scattering spectroscopy [26] and EELS measurements [29] have shown that in the near-infrared spectral range our nanotapers act as strongly anisotropic Experimentally, the tip apex is excited both by the spectrally broadband external SPP field E 0 (ω, r t ) nanofocused at the tip apex at position r t and any secondary fields E r (ω, r t ) that are emitted by the nanorod. The resulting apex field E a = E 0 + E r induces a dipole moment = E E is almost perfectly aligned along the taper axis (z-direction). Here, we denote quantities in nth perturbation order with a superscript (n). The tip thus represents a broadband and point-like local excitation source, oriented along the z-direction. We assume that this oscillating dipole moment then results in optical near and far
at any position r outside the tip. These fields interact with the nanorod. For simplicity, we take the Green's dyadic G  of free space, neglecting the influence of the substrate and the gold taper shaft. Since the response of the nanorod is dominated by its longitudinal LSP resonance, we can represent the polarizability tensor α r  by only a single element r xx α [26] . Its spectral line shape is modeled by a Lorentzian resonance with ℏω r  1.55 eV and ℏγ r  0.04 eV [60] .
To realistically describe the optical mode profile of the nanorod, we consider a nonlocal linear polarizability density 2 , , | | ( , , ) ( , ) ( )
and L′ = 2L + 4R [26, 76] . This effective polarizability is positioned at the center of a cylinder of length 2L = 30 nm and radius R = 5 nm capped with two hemispheres of radius R. The coordinate origin is placed at the center of the nanorod.
We then expand the multiple scattering interaction between the tip and the sample in a perturbation series. We assume that the nanorod is only excited through the near and far fields emitted by the tip apex upon initial excitation. In first order, the local rod dipole moment induced by the zero-order tip field
The first-order field scattered by the rod is then given by integrating the Green's function over the distributed dipole of the rod as ( ) .
Here, we have implicitly included the line integral in the shorthand notation with primes for better readability. The first-order rod field couples back to the tip apex where it induces a second-order dipole moment α
As will be discussed in more detail in the next section, we read out only the z-component of the induced tip polarizability (2) ( 1) , , 0, .
We thus sense the z-component of the electric field at the tip position r t , emitted by the nanostructure in response to a point-like and spectrally broadband excitation at r t . Since t zz α varies only weakly throughout the spectral range of our measurements, the second-order tip dipole moment (2) , t z p allows us to read out (1) , r z E and thus provides a direct measure of the local optical density of states (LDOS) of the nanorod, projected along the taper axis [5, 66] :
The total field emitted by the nanorod is then given as at the apex as E a =(I − M) −1 E 0 , with I denoting the identity matrix. The z-component of the total apex field, which is probed experimentally, is therefore given as
Here, we introduce a coupling-induced field enhancement factor β(ω) = ((I − M) −1 ) zz . This PNSI spectrum describes the effect of the near-field coupling between the tip and the sample on the z-component of the local field at the apex and, thus, on the amplitude of the backpropagating SPP field. In first order, β(ω) reduces to β (1) (ω) = 1 + M zz (ω, r t ) and thus contains the desired information about the LDOS of the nanorod. The higher order field components (2n 1) r t , (
) ω + E r with n > 0 contain crucial information about the line broadening (Purcell effects) and spectral shifts of the LSP resonance induced by the coupling between the tip and the sample [26] .
Data analysis in plasmonic nanofocusing spectral interferometry
We now discuss how we extract the information about the electric fields emitted by the nanorod and the projected LDOS ρ e,z (ω, r t ) from the experimentally measured SIs.
As illustrated in Figure 1A , we focus a broadband laser field E L (ω) on the grating coupler to launch SPP waves at the taper shaft. The resulting SPP field E s1 (ω, r s ) that is reaching the scatterer at position r s is a coherent superposition of several radially polarized SPP eigenmodes of the cylindrical taper and can be expressed as s1
 with a spectrally weakly varying transfer matrix sL t  that describes the coupling efficiency to the SPP field and the polarization rotation between the incident field and the SPP field. Attenuation and chirp of the SPP modes upon propagation along the taper are so weak that they can be basically neglected [59, 72] . Out of these modes, only the lowest order m = 0 SPP mode is nanofocused at the apex, inducing a zero-order field 0 t s s 1 t
 with a transfer matrix ts . t

As discussed in the previous section, this results in an oscillating tip dipole moment
which is the source of an m = 0 SPP wave that is backpropagating along the taper shaft. Here, it is important that the radial polarization properties of the m = 0 mode dictate that only the z-component p t,z of the induced tip dipole moment can launch backward-propagating SPP waves [77] . We can, therefore, express the backpropagating field at the scatterer position as s2
, . 
 
connects the tip dipole moment and the field reaching the scatterer. Since the backpropagating SPP field carries the same radial polarization as the incident field, both E s1 and E s2 are aligned in parallel and can be connected by a scalar transmission function E s2 = β(ω)t 21 E s1 , with α 21 st ts ( ) ( ) ii t ω = t zz G t
    
and i = {x, y, z}. As will be seen below, the experimentally unknown, but spectrally broadband proportionality t 21 implies that, using PNSI, we cannot directly measure β(ω) and therefore the projected LDOS. An independent reference measurement in which β is reduced to zero is necessary to quantitatively extract β(ω). Experimentally, this can be achieved by either increasing the tip-sample distance or by making the tip approach a region on the surface with negligible coupling-induced field enhancement. The role of the point-like protrusion on the shaft is to scatter both E s1 and E s2 and to create the fields 
  It is important that the SPP propagation from the scatterer to the tip and back introduces a time delay τ 0 = 2L/c SPP (L: distance between the scatterer and the apex; c SPP is SPP group velocity) between the incident and reflected field. For the data analysis, it is helpful to express this explicitly as 
It is evident that a single measurement does not yet allow us to deduce the desired coupling-induced field enhancement β(ω) but gives (2) shows explicitly that β(ω) provides a measure of ρ e,z (ω, r t ) if multiple reflections between the tip and the sample can be neglected, i.e. β(ω) ≅ β (1) (ω). Experimentally, this can be ensured by keeping a sufficient distance between the tip and the sample.
Finite-difference time-domain simulations
We first used an in-house-developed simulation toolbox in MATLAB language [65] for simulating linear [48] and nonlinear [65] optical systems as well as EELS [29] and CL [78] spectra. We calculated the field profile and the propagation constant of the m = 0 mode of a gold fiber and used this profile to excite the gold taper. Initial simulations were performed with a discretization unit of 25 nm, showing the propagation and the reflection of SPPs and the FID of the nanorod sample. Higher resolution simulations, performed using Lumerical to allow for multiplegridding, are shown in Figure 5 .
Supporting information
The following files are available free of charge. Simulation of the spectral interferometry algorithm. Coupled dipole simulation of the near-field interaction (Esmann_SI_ SOM_F.pdf).
